Previous research on climatic change in the Mid-Holocene in China indicates that it was a warm and humid period, accompanied by stronger summer monsoons, and it is defined as the Megathermal in the Holocene, or the Holocene Optimum period. However, this conclusion is mainly directed at the monsoonal region in eastern China. In this research, we chose the Gonghe Basin in the northeastern Qinghai-Tibetan Plateau as the study area. Geochemical analysis of the profiles of paleosols and aeolian sand in the Santala area in the middle of the Gonghe Basin, along with OSL (optically stimulated luminescence) dating, indicates that the regional climate has experienced several warm-humid and cold-dry cycles since 11.8 ka. In particular, the Mid-Holocene (8.1-4.6 ka) was relatively cold and dry as evidenced by drastic fluctuations in chemical weathering degree and humidity, a higher aridity index, and sparse vegetation, accompanying increased winter monsoonal strength. In order to clarify whether this is an individual or local signal, we compared our geochemical analysis results with lake and peat records and aeolian deposits of the monsoonal boundary region. The results indicate that the climate deteriorated widely, with declines in temperature and moisture, in the Mid-Holocene in the modern monsoonal boundary zone. Furthermore, the duration of climate deterioration (relatively dry period) generally decreased from west to east in the aforementioned regions. Therefore, this dry phase in Gonghe Basin may be representative of dry events in Mid-Holocene in northern China. In addition, we discuss the reasons for this dry climate from several perspectives: (1) it probably can be attributed to a decline in summer monsoonal strength; (2) the regional evaporation loss (forced by high temperature) was not compensated by regional precipitation; (3) the thermal dynamic effect of the Qinghai-Tibetan Plateau.
Introduction
The Middle Holocene is regarded as a warm and humid period, accompanied by increased Asian monsoonal strength and higher temperature and precipitation. Shi et al. (1994) synthesized massive deposits and characteristics of climatic proxies and indicated that the temperature and humidity reached an optimum condition following the increasing Asian summer monsoonal strength in 8.0-3.5 ka BP ( 14 C age); this period is defined as the Megathermal Maximum in the Holocene or the Holocene Optimum period. Paleoclimatic and paleoenvironmental evidences from northeastern China, the Yellow and Yangtza river basins, and subtropical and tropical areas have also shown the broad extent of the Holocene Megathermal period (Yang et al., 2001; Yang and Wang, 2002; Yi et al., 2003; Zheng et al., 2003; Feng et al., 2006; Liew et al., 2006; Tarasov et al., 2006; Xiao et al., 2006; Cao et al., 2010) . However, there are different opinions regarding the Megathermal Maximum in the Holocene with optimum warmth and humidity in the Asian monsoon's boundary zone. Recently research demonstrates a relatively arid Mid-Holocene in southeastern Mongolia (Liu et al., 2002; Jiang et al., 2006) , Ordos (Chen CTA et al., 2003) , and the Alxa Plateau (Chen FH et al., 2003) . A lake study from the Qaidam Basin also revealed a decline in moisture at that time (Zhao et al., 2007) . However, there is little research on whether there was an optimal condition in the Mid-Holocene in the northeastern Qinghai-Tibetan Plateau (the northwest fringe of the modern Asian monsoonal region). Hence, the main objective of this research was to study the arid climate in the Mid-Holocene in Gonghe Basin based on profiles of aeolian sand and paleosol ( Figure  1 ), using OSL dating and characteristics of lithology and geochemical parameters. mer monsoon influence. Some key palaeoclimatic records in northern China: 1, Hurleg Lake (Zhao et al., 2007) ; 2, LG section; 3, Sanjiaocheng section (Chen et al., 2006) ; 4, Alex Plateau (Chen FH et al., 2003) ; 5, Yanhaizi Lake (Chen CTA et al., 2003) ; 6, Midiwan section (Li et al., 2003) ; 7, Wulannuoer Lake (Zhu et al., 2007) ; 8, Angulinao Lake (Zhai, 2001 ); 9, Xilinhaote section (Jin et al., 2004) ; 10, Bayanchagan Lake (Jiang et al., 2006) ; 11, Haoluku section (Liu et al., 2002) ; 12, Xiaoniuchang section (Liu et al., 2002) ; 13, Hulun Lake (Wen et al., 2010) . (b) Details of Gonghe Basin and its physical environment.
Geological setting
The Gonghe Basin in the northeastern Qinghai-Tibetan Plateau lies at the convergence of the Asian summer monsoon, the winter monsoon, and the westerlies (Figure 1a) , which is an important component of the transition zone between desert and loess and the fragile landscape belt in northern China. The calabash shape of the Gonghe Basin, wide on the eastern side and narrow on the western side, is surrounded by mountains in the NWW-SSE direction (Figure 1b) , with an elevation of 2,400-3,500 m. The ground surface is dominated by fixed and semi-fixed sandy land. The region has a cold and dry alpine and arid and semi-arid climate, controlled by the Mongolia High Pressure and downdraft of the Qinghai-Tibetan Plateau. The annual average temperature and precipitation are 1.0-5.2 °C and 311.1-402.1 mm, respectively, and the evaporation is 1,528-1,937 mm. The natural vegetation of the area is typical desert steppe, containing sandy half-shrubs and meadow. According to the natural division, this region belongs to the transitional bioclimatic subzone of semi-arid steppe and dry desert steppe, which is located at the interior of the temperature zone between the semi-humid forest steppe and arid desert belt in the Qinghai-Tibetan Plateau (Dong et al., 1993) .
Material and methods

Lithology
The LG profile (35°48.165′N, 100°19.588′E), at an altitude of 3,139 m, is situated in the Santala region in the middle of the Gonghe Basin. The fixed and semi-fixed dunes with meadows coverage of approximately 70%-80%, dominate the ground surface around the profile, and the outcrop is situated at the windward slope of the aforementioned dune in the E-W direction owing to the stronger wind erosion. The sedimentary thickness is 390 cm, consisting of six aeolian sand layers, three paleosol layers, one weakly developed paleosol layer, and one sod horizon layer (Figure 2 ). Aeolian sands are orange-yellow and grayish-yellow and are composed of fine sand, loose to compacted, non-stratified, medium sorted to fine. Paleosols are brownish-yellow, grayish-yellow, and grey black fine sand, containing less silty sand and silt, slightly hard to hard, non-stratified, weaker sorted with less white mycelium. The weakly developed paleosols are brownish-yellow, grayish-yellow, and grey black fine sand, compacted to hard, non-stratified, and weaker sorted. The sod horizon is orange-yellow, dark orange, and grayish-yellow to brownish-yellow fine sand, loose, non-stratified, fine sorted, containing abundant plant roots.
Methods
We collected a total of 79 samples at an average interval of 5 cm from the top to bottom in the LG profile for geochemical elemental analysis. They were measured and analyzed in the Desert and Desertification Laboratory of the Cold and Arid Regions Environmental and Engineering Research Institute, Chinese Academy of Sciences. First we dried and ground the samples, and sifted them through a 200-mesh screen. Then 4-g powdered samples were placed into the mold with boric acid for the edge and bottom and pressed into round discs (32-mm diameter) at 30-ton pressure and 105 °C. The discs were measured with an Axios wavelength dispersive x-ray fluorescence spectrometer, using a super-long, sharp-pointed ceramic x-ray light tube (4 kW power) and a pipe flow of 160 mA. The estimated error was less than 5%. The geochemical parameters were calculated based on the aforementioned geochemical element contents.
A total of seven optically stimulated luminescence (OSL) samples were obtained by hammering 5 cm stainless tubes into the section, and the tubes were sealed inside black plastic bags with tape immediately after they had been taken from the section. All samples were then analyzed on a Daybreak 2200 automated OSL reader at the Institute of Hydrogeology and Environment Geology, Chinese Academy of the Geological Sciences. The procedures of the OSL dating were described by Liu et al. (2012) . The Single-aliquot regenerative dose (SAR) protocol was adopted for equivalent dose (De) determination (Murray and Wintle, 2000) . The environment dose rate was calculated from the measurements of radioactive element contents in the samples and surrounding sediment, with a small contribution from cosmic rays. The concentrations of the U, Th and K were obtained by neutron activation analysis. All results were converted to beta and gamma dose rates according to the conversion factors of Aitken (1998) . The dose rate from cosmic rays was calculated according to sample burial depth and the altitude of the section (Prescott and Hutton, 1994) . The OSL results are presented in Table 1 and Figure 2 (Liu et al., 2012) .
Results and analysis
Chronology
The lithology of the bottom profile was composed of aeolian sand (the aeolian sand was accumulated under strong Asian winter monsoon, reflecting the cold and dry climate) and its OSL dating indicates the period corresponded to the Younger Dryas event (11.8±0.6 ka BP). In other words, the formed deposits reflect the climatic change in the Holocene. Specifically, the OSL dating of 4.0±0.2 ka BP for the upper paleosol of the profile indicates approximately the Late Holocene, and the middle and lower aeolian sands, paleosols, and weakly developed paleosols probably belonged to the Early and Middle Holocene. To further confirm the age of the different deposits in the LG profile, we applied the magnetic susceptibility and grain size methods to establish the time sequences of the entire profile (Kukla et al., 1988; Porter et al., 1995) . In this study, the reported age is the average of the aforementioned methods, and states it as ka, equal to the calendar year. 
Variation of geochemical elemental contents and their paleoclimatic significance
In this analysis, the geochemical elements mainly consist of SiO 2 , Al 2 O 3 , Fe 2 O 3 , TiO 2 , Na 2 O, MnO, and P 2 O 5 . Table 2 shows that the SiO 2 content in the LG section ranges from 64.48% to 73.97%, with an average of 69.55%. Specifically, its content is highest in aeolian sand, lower in weakly developed paleosols, and lowest in paleosols. The change in Al 2 O 3 content is 8.82%-10.81%, the mean value is 9.98%, and its content is lower in aeolian sand and higher in weakly developed paleosols and paleosols, respectively. The range of Fe 2 O 3 and TiO 2 content is 2.22%-3.24% and 0.17%-0.26%, with averages of 2.60% and 0.21%, respectively. Their changes in different lithologies are similar to the changes of the Al 2 O 3 content. The Na 2 O content changes from 2.13%-2.48%, with an average of 2.33%, and its variation in aeolian sand, weakly developed paleosols, and paleosols is consistent with the change in SiO 2 content. The MnO content varies between 0.05% and 0.07%, and the average content is 0.06%. Comparatively, the MnO content of aeolian sand is relatively lower, and is about equal in weakly developed paleosols and paleosols. The P 2 O 5 content fluctuates between 0.07% and 0.13%, with a mean value of 0.09%. Its content variation in different deposits is coincident with the change of the MnO content. Silicon generally exists as oxides in desert areas, and its content is positively correlated with coarse particle content (Qiang et al., 2010) . In warm and humid conditions, silicon is leached earlier than aluminum and ferrum while it is easily enriched in cold and dry conditions. Therefore, increased SiO 2 content indicates a cold and dry climate, accompanied by increased winter monsoonal strength. Al, Fe, and Ti are relatively stable, and are separated out at the end of the chemical weathering process, while sediment is in the process of chemical differentiation. In warm and humid conditions, along with intensively chemical weathering and stronger acid in the water medium, the Al, Fe, and Ti elements tend to be enriched due to the other elements in the sediments being leached out; their content becomes lower when the drought degree increases (Huang, 1982) . The relatively active Na is readily leached and it migrates (resulting in a low content) in a humid environment; its increasing content indicates a cold and dry climate. Previous research by Pang et al. (2001) indicated that the intensity of pedogensis and the degree of plant growth are important influences on the enrichment of Mn content. In the Gonghe Basin, the aforementioned factors are controlled by advancement, retreat, and summer monsoonal strength, which means the Mn content can be indirectly used as indicator for change in regional vegetation coverage and Asian monsoonal intensity. The P 2 O 5 content of deposits is codetermined by biological accumulation and eluviations. The former is crucial for the arid monsoon's boundary zone, and the P 2 O 5 content is positively correlated with the total organic carbon (TOC) content (Yuan, 1983 ) (this indicator of biological accumulation is controlled by the Asian monsoonal strength in this region; Dong et al., 1993) . In other words, when the P 2 O 5 content increases, the biological accumulation becomes higher and the summer monsoonal strength is also enhanced, and vice versa. Figure 3 shows that the SiO 2 content varies within the profile: the increased SiO 2 content at 0-45, 75-95, 120-175, 205-225, 240-260, 300-320, and 350-390 0-45, 70-90, 120-185, 195-265, 290-320 , and 365-390 cm within the profile, but becomes lower at 45-70, 90-120, 185-195, 265-290 , and 320-365 cm within the profile. The higher content indicates that the climate tended to be cold and dry, and the lower contents indicate relatively warm and wet conditions. The variations of MnO and P 2 O 5 content are very accordant in the profile (correlation coefficient = 0.721). Their valleys are at 0-45, 70-90, 120-165, 190-250, 295-320, and 335-390 cm within the profile, demonstrating less vegetation coverage on the ground surface. Their higher content is at 45-70, 90-120, 165-190, 250-295 , and 320-335 cm within the profile, reflecting increased weathering degree and vegetation.
Characteristics of geochemical parameters and their paleoclimatic significance
In the LG profile, the geochemical parameters are comprised of Ca/Mg, Na/Al, SiO 2 /(Al 2 O 3 +Fe 2 O 3 ), Ti/Sr, SiO 2 /Al 2 O 3 , C-value (humidity index), and the chemical index of alternation (CIA). The Ca/Mg ratio is 3.37-7.07 in the profile and the average value is 5.12; this ratio is highest in aeolian sand and lowest in paleosols. Na/Al ranges from 0.66 to 0.91 with an average of 0.77; this parameter variation is accordant with the change in Ca/Mg in different lithologies. , which means Ca migrates more readily than Mg. Thus, higher Ca 2+ contents indicate an environment that is more arid than where has higher Mg 2+ . Therefore, as the ratio of Ca/Mg increases, the environment becomes more arid; when it decreases, the climate tends to be relatively wetter (Huang, 1982) . In the weathering process of dust materials, Na is readily leached while Al is relatively stable and tends to accumulate in a warm and wet climate. Hence, the Na/Al ratio can be considered as an indicator of change in the weathering degree: the lower this ratio, the higher in weathering, and the more warm and humid the climate (Ding F and Ding ZL, 2003) . In this study, SiO 2 /(Al 2 O 3 +Fe 2 O 3 ) was used to assess the developed condition of the continental crust because it indicates the climate conditions and chemical weathering degree of deposits that were formed. This ratio gradually declines with increased warm and humid conditions and enhanced weathering degree (Jin et al., 2004) . Titanium (Ti) is relatively stable, but becomes comparatively higher because the other elements are moved by weathering and hydration in the process of weathering. Strontium (Sr) is easily removed (dissociated) by surface and ground water (Chen et al., 1999) . This means the change in Ti/Sr is controlled by the extent of loss of Sr. In effect; this reflects the variation of precipitation. In the Gonghe Basin, the precipitation is dominated by the Asian summer monsoonal strength; hence, the Ti/Sr also indirectly indicates the summer monsoonal strength (Liu et al., 2012) . A study by Peng and Guo (2001) showed that the SiO 2 /Al 2 O 3 ratio can reveal the situation of paleo-atmospheric circulation and changes in the winter monsoon in the loess plateau. In this study, we applied this ratio to determine the climatic change: when it increases, the winter monsoonal strength becomes stronger and the regional climate tends to be cold and dry. The C-value (humidity index) is expressed by the ratio of humid-indicating contents (Al, Fe, and Mn) divided by arid-indicating elements (K, Na, and Ca) (Jin et al., 2004; An et al., 2006) . In our study area, when the climate becomes dry, the K, Na, and Ca contents increase while the Al, Fe, and Mn contents decrease, and vice versa. Hence, when this ratio increases it implies a relatively wet environment; when it decreases, it reflects a more arid climate. CIA = [Al 2 O 3 /(Al 2 O 3 +CaO*+K 2 O+Na 2 O)]×100%, where the chemical oxide values are the molecular formula and the CaO* is the amount of CaO incorporated in the silicate fraction (Nesbitt and Young, 1982) . This index has a close relation with the climatic conditions: when it increases, the climate becomes more warm and wet, and vice versa. Figure 4 shows that the Ca/Mg, is generally lower at 45-100 and 270-335 cm within the profile, indicating a relatively wet climate. The higher values are generally at 0-45, 100-270, and 335-390 cm in the profile, implying a relatively dry condition. The generally higher weathering degree at 45-120 and 265-335 cm is indicated by the Na/Al, and it is lower at 0-45 cm and below 335 cm. From 120 to 265 cm, the weathering degree is lower compared with the upper and next phases, although this ratio tends to decrease. Moreover, there are some smaller peaks and valleys, marking frequent fluctuations in climate (weaker warm and humid). The paleoclimatic significance of SiO 2 /(Al 2 O 3 +Fe 2 O 3 ) and Ca/Mg is generally concordant. Between 120 cm and 265 cm in the profile, these parameters are predominantly high but with smaller peaks and valleys, reflecting a relatively cold and dry climate and distinctly lower temperature and less moisture. The change in Ti/Sr ratio is opposite that of SiO 2 /(Al 2 O 3 +Fe 2 O 3 ) ratio (correlation coefficient = -0.793). An apparent valley was exhibited in Ti/Sr from 120 cm to 265 cm, demonstrating a significant decline in regional warmth and wetness degree. This stage can be classified into three substages: the lower values are at 115-140 cm and 200-265 cm, while the higher is at 140-200 cm. This change indicates that the climate fluctuated between cold-dry and warm-humid at 115-265 cm in the profile. The change in the SiO 2 /Al 2 O 3 ratio is very consistent with that of SiO 2 /(Al 2 O 3 +Fe 2 O 3 ) (correlation coefficient = 0.983). This index has four relatively obvious peaks between 120 and 265 cm, reflecting four cold and dry phases with increased winter monsoon. In the profile, the C-value presents alternately four peaks and three valleys; it is increased at 0-45, 5-125, 175-210, and 315-390 cm in the profile, whereas it is decreased at 45-95, 125-175, and 210-315 cm, and smaller fluctuations were found in the above intervals. The CIA in this region indicates less chemical weathering under cold and dry conditions, and its change is similar to the C-value (correlation coefficient = 0.824).
Discussion and conclusions
The arid climate in the Mid-Holocene in the Gonghe Basin
The sedimentary lithology and characteristics of geochemical parameters in the LG section indicate that the regional climate experienced several cold-dry and warm-humid cycles since 11.8 ka, accompanied by stronger and weaker winter and summer monsoonal variations. Specifically, in 10.0-9.2 ka and 4.6-0.7 ka, the lithology was mainly composed of paleosols and the climate became relatively warm and wet, with increased moisture and higher weathering degree. This is attributed to increased summer monsoonal and weaker winter monsoonal strength. The aforementioned phase corresponds to the Early Holocene, except for the cold phase (Figures 3 and 4) , and the early phase of the Late Holocene, except for the LIA phase, respectively. In 11.8-10.0 ka and after 0.7 ka, the lithology was comprised of aeolian sand and the climate tended to be the cold and dry due to the lower moisture, lower weathering degree, and stronger winter monsoon and weaker summer monsoon, in general. This corresponds to the YD event and the LIA period. Within the period of 9.2-8.1 ka, the SiO 2 and Na 2 O contents increased while the Fe 2 O 3 , TiO 2 , Na 2 O, MnO and P 2 O 5 contents presented obvious valleys. The Ca/Mg, SiO 2 /(Al 2 O 3 +Fe 2 O 3 ), and SiO 2 /Al 2 O 3 ratios exhibited prominent peaks, and the values of the Ti/Sr, CIA, and C-value were lower. These changes indicate that the climate tended to be cold and dry during this period. From 8.1 ka to 4.6 ka, the lithology consisted of aeolian sand and weakly developed paleosols, and the SiO 2 and Na 2 O content declined compared with the former phase. However, the Fe 2 O 3 , TiO 2 , Na 2 O, MnO, and P 2 O 5 contents were still lower, especially the CIA and C-value being close to the minimum in the profile, implying relatively cold and dry conditions. In addition, the changes in the Ca/Mg, SiO 2 /(Al 2 O 3 +Fe 2 O 3 ), and SiO 2 /Al 2 O 3 ratios also reflect relatively cold and dry climatic characteristics, correspondingly to the Middle Holocene.
By comparing the variation of the geochemical element contents and geochemical parameters in paleosols (weakly developed paleosols) in three periods of the Holocene (Early Holocene, Middle Holocene, and Late Holocene), we can elucidate the arid extent of the Mid-Holocene (Tables 4 and  5) : (1) ratios in weakly developed paleosol in the Mid-Holocene are relatively higher (0.04 and 0.63, respectively) than those in paleosols of the earlier period of the Late Holocene while the C-value and CIA are evidently lower. As for the Ti/Sr ratio, it is declined with the values of 0.91 and 1.06, respectively, compared with the ratio in earlier period of the Early Holocene and Late Holocene. The changes in all of these proxies indicate that the climate in the Mid-Holocene in the Gonghe Basin was relatively cold and dry. The early period of the Late Holocene (4.6-0.7 ka); 2: The Middle Holocene (8.1-4.6 ka); 3: The early period of the Early Holocene (9.5-9.2 ka). The early period of the Late Holocene (4.6-0.7 ka); 2: The Middle Holocene (8.1-4.6 ka); 3: The early period of the Early Holocene (9.5-9.2 ka).
Comparison of arid events in the Mid-Holocene in the modern monsoonal boundary zone
Previous work by Liu et al. (2002) , Chen CTA et al. (2003) , Chen FH et al. (2003) , Jin et al. (2004 ), Jiang et al. (2006 , and Zhao et al. (2007) demonstrated that extensive arid events occurred in the Mid-Holocene in the modern monsoonal boundary zone; evidence of similar events was also discovered in the Gonghe Basin. Therefore, should one assume that the evidence from the Gonghe Basin reflects regional signals of arid climate in the Mid-Holocene? We addressed this question by comparing our records with lake sediments, peat records, and aeolian deposits in the modern monsoonal boundary zone ( Figure 5 and Table 6 ).
Figure 5
Comparison between climatic record of the Gonghe Basin and other regional paleoclimatic information derived from the monsoon's boundary region in northern China. A: Hurleg Lake (Zhao et al., 2007) ; B: LG section; C: Sanjiaocheng section (Chen et al., 2006) ; D: Yanhaizi Lake (Chen CTA et al., 2003) ; E: Midiwan section (Li et al., 2003) ; F: Wulannuoer Lake (Zhu et al., 2007) ; G: Xilinhaote section (Jin et al., 2004) ; H: Bayanchagan Lake (Jiang et al., 2006) ; I: Hunlun Lake (Wen et al., 2010) .
A study by Zhao et al. (2007) at Hurleg Lake in the Qaidam Basin revealed a relatively dry period around 4,000 a, which lasted from 9.5-5.5 cal ka BP. The vegetation around the lake is dominated by desert and desert steppe with Artemisia and Chenopodiaceae species; the A/C ratio fluctuated intensively at this time. Analysis of 8.1-4.6 ka geochemical elements from the LG profile indicates that the climate became cold and dry due to stronger winter monsoonal strength and weaker summer monsoons, in general. From 7.1 cal ka BP to 3.8 cal ka BP, desert and steppe dominated the lower reaches of the Shiyanghe River and the forest belt shifted to a higher elevation in northern Qilian Mountains (Chen et al., 2006) . In particular, there was the lowest concentration in pollen and an especially obvious valley in the percentage of Picea (spruce) and Pinus (pine) species in Sanjiaocheng profile between 7.0 cal ka BP and 5.0 cal ka BP. Decreased precipitation led to shrinking lake levels and even lake dry-up, accompanied by the weakest summer monsoonal strength (Chen et al., 2006) . The lake sediments and lake geomorphic evidence in the Alex Plateau also mirrored the cold regional climate because of the apparently weaker summer monsoonal intensity from 7.0 cal ka BP to 5.0 cal ka BP (Chen FH et al., 2003) . At the same time, Juyanhai Lake and Zhuyeze Lake, the terminal lakes of the Heihe River and the Shiyanghe River, and Toudaohu Lake in the eastern Tenngger Desert experienced shrink and dry-up owing to decreased precipitation; these changes also resulted in stronger aeolian activity and degraded vegetation (Chen FH et al., 2003) . In Yanhaizi Lake, the drastically increased sand content in the lake core, the clearly lower TOC content and TOC/TN ratio, and the frequent changes in magnetic susceptibility in 8.0-4.3 ka BP ( 14 C age) indicate that the climate was relatively dry (Chen CTA et al., 2003) . A similar record was also found in the Midiwan profile, with the lowest tree pollen concentration and decreased organic matter from 7.5 ka BP to 4.5 ka BP ( 14 C age; the calibration is 8.0-5.0 cal ka BP). Correspondingly, the vegetation in the transitional belt between loess and desert was dominated by arid and semi-arid Artemisia and Chenopodiaceae species and the regional climate was relatively arid compared with 10-7.5 ka BP (Li et al., 2003) . From 7.6 ka BP to 4.7 ka BP, the chemical make-up of the water in Angulinao Lake was dominated by Na
2− and salinity reached maximum in the Holocene (Zhai, 2001) . In 7.0-5.7 ka BP ( 14 C age), the drought degree was higher in Wulannao Lake, Bashang Plateau, and the lake probably dried up, given the trend of decreased TOC content (Zhu et al., 2007) . In Hunshandake Desert around 6.0-3.4 cal ka BP, the magnetic susceptibility, organic matter, and C-value presented evident valleys, while the mean grain size was relatively larger, the surface vegetation was sparse, and the summer monsoonal strength frequently fluctuated; these change also reflect a cold and dry climate (Jin et al., 2004) . Similar changes occurred in 6.9-3.7 ka BP and 5.9-4.5 ka BP ( 14 C age) in Haoluku and Xiaoniuchang, close to the eastern monsoonal region. The area's vegetation mainly consists of Quercus (oak), Betula (birch), and Pinus (pine)-dominated steppe, with increased aridity and stronger aeolian activity (Liu et al., 2002) . Between 6.5 cal ka BP and 5.1 cal ka BP, the pollen concentration of coniferous species reached maximum and deciduous trees massively retreated in eastern Mongolia. The temperature declined around 8.0 cal ka BP in Bayanchagan Lake, and the decrease in moisture since 6.5 cal ka BP indicates a cool and arid climate (Jiang et al., 2006) . Between 6.4 cal ka BP and 4.4 cal ka BP, the vegetation around Hulun Lake was comprised of steppe dominated by Chenopodiaceae and Compositae species, along with gradually declining A/C ratios and Betula forests. This record reflects a relatively cold and dry climate during this period (Wen et al., 2010) . All of these changes indicate an obviously arid period in the Mid-Holocene in the modern monsoonal boundary zone. Moreover, the duration of the dry period is gradually decreased from west to east in northern China. For example, the dry climate lasted more than 3,600 years in the northeastern Qinghai-Tibetan Plateau, and around 3,000 years in the Alex and Ordos Plateaus and the northern Loess Plateau. The arid period lasted about 2,000 years in the southeastern Mongolia Plateau and in eastern China, although those areas have different chronologies. Hence, we confirm the arid climate revealed by aeolian deposits in the Gonghe Basin is accordant with the dry period in the modern monsoonal boundary zone, meaning that it is representative of a dry climate in the Mid-Holocene.
Possible mechanisms of arid climate in the Mid-Holocene in the Gonghe Basin
The causes of the arid climate in the Mid-Holocene in the Gonghe Basin (monsoonal boundary zone) are probably attributable to the following:
(1) The summer monsoonal strength probably declined, resulting in decreasing precipitation and increasing dry climate. During the 8.1-4.6 ka, the SiO 2 and Na 2 O contents are relatively higher while the Fe 2 O 3 , TiO 2 , MnO, and P 2 O 5 contents keep the prominently valleys (lower value). The Al 2 O 3 content exhibits the obviously high and low variation, although it increases in general ( Figure 3) . As for the geochemical parameters, the Ti/Sr presents the lower value in general from 8.1-4.6 ka while the other parameters, including the Ca/Mg, Na/Al, SiO 2 /(Al 2 O 3 +Fe 2 O 3 ), and SiO 2 /Al 2 O 3 are evidently higher with several cycles of peaks and valleys. Besides, C-value and CIA also show the drastic fluctuations in this interval (Figure 4 ). These changes of climatic proxies indicate that the winter monsoon is relatively stronger while the summer monsoon is relatively weaker, resulting in the decreased regional precipitation in the Mid-Holocene in the Gonghe Basin. In addition, the Guliya and Dunde ice cores also show drastic fluctuation and declines of temperature around 6-5 ka BP (Yao et al., 1997) .
(2) The high temperature in the Mid-Holocene led to increasing evaporation; in fact, the rate of evaporation exceeded the rate of precipitation, inducing less effective moisture and a drier climate. The regional effective moisture is mainly related to the evaporation/precipitation ratio, and the latter is controlled by solar radiation, monsoonal precip-itation, and the albedo of surface vegetation. Research by An et al. (2006) indicated that the evaporation loss (forced by higher temperature) being higher than the precipitation was an important factor for aridity in the Mid-Holocene in northern China. As for the Gonghe Basin, which is close to 30°N, the higher solar radiation in the Mid-Holocene must have led to higher evaporation there (Berger and Loutre, 1991; Liu et al., 2008) . Moreover, along with the decreased summer monsoonal precipitation caused by a decline in the summer monsoonal strength, the regional evaporation loss was probably higher than the precipitation, resulting in decreased regional moisture and a relatively arid environment in the Mid-Holocene.
(3) The thermal-dynamic effect of the Qinghai-Tibetan Plateau regulates the regional atmospheric circulation. Studies on the Qaidam Basin and Qinghai Lake area indicate that the regional climate pattern is not simply response to the solar radiation and monsoonal precipitation (Lu et al., 2011) ; the topography also has a crucial effect on changes in the regional climate (Broccoli and Manabe, 1992; Zhao et al., 2007) . During summertime, the Qinghai-Tibetan Plateau, a heating source, induces a warm air rise over the plateau while the air subsides and replenishes in the northeastern Qinghai-Tibetan Plateau, resulting in the dry climate in Gonghe Basin. In wintertime, the Plateau is cooling source. It can regulate the location of the Mongolia-Siberia High Pressure, inducing cold air to flow toward the south along the northeastern fringe of the Qinghai-Tibetan Plateau. Thus, the cold and dry winter monsoons dominated the Gonghe Basin in the wintertime. In the Mid-Holocene, because of the lessened summer monsoon strength, the aforementioned mechanism must have strengthened the cold high pressure over the Qinghai-Tibetan Plateau and progressively enhanced the winter monsoonal strength, resulting in the cold and dry climate in the northern Qinghai-Tibetan Plateau. This also resulted in the magnified range and thickness of loess and aeolian sand deposits (Tang and Dong, 1997; Chen FH et al., 2003) . In other words, this effect caused the lessened intensity of pedogensis, the consistent record, which was also found in the LG profile (weakly developed paleosols) and the Sanyangdui profile (aeolian sand with the 5.5±0.3 ka, OSL dating) adjacent to the northern Muge Sandy, Gonghe Basin. In addition, the topography of the Gonghe Basin is similar to the Qaidam Basin, allowing the eastward penetration of the dry westerlies (Zhao et al., 2007) . However, these conclusions are preliminary. Comprehensive understanding of the spatial distribution and range of times of this dry period still needs further research.
